Introduction

selected glaciers in Glacier Mass Balance Bulletin
referred to here as GMB and listed under The main purpose of this paper is to investigate the mass IAHS) Mass balance data not published by WGMS are also inbalances of all small glaciers, except those of the Antarctic and cluded in thls analysis. The global mass balance data set is deGreenland ice sheets, to estimate their annual variation and to scribed in a companion paper (Dyurgerov and Meier, 1997 , this determine their contribution to the changes of sea level over the volume). period of regular instrumental observations. Although these small glaciers, which have a total area of 680 X (Meier and Bahr, 1996) , make up only 4% of the total land ice area, they may have contributed to as much as 30% of sea-level change in the 20th century due to rapid ice volume reduction connected with global warming (Meier, 1984) . It is important that changes in mass balance be estimated accurately to compare with other components of the water balance of the Earth, such as changes in the amount of water stored in the ground and changes in mass of the Greenland and Antarctica ice sheets (Warrick and Oerlemans, 1990; Meier, 1993; Paterson, 1993; Warrick et al., 1996) .
Mass balance records have been published since 1967 by the World Glacier Monitoring Service (WGMS) in six volumes of Fluctuations of Glaciers (1967 , 1973 . 1977 , 1985 . Since 1991 WGMS has also been publishing basic records every 2 yr for many of the measured glaciers including detailed results for
Mass Balance Data
The mean specific mass balance (b,) of a mountain glacier is usually calculated as a function of altitude:
The sum is taken over the entire glacier, where b is the measured or calculated mass balance centered in altitude increment h,, index i refers to the altitude range, S is the total area of the glacier, and s(h,) is the area-altitude distribution.
The glaciers involved in mass balance studies are sparsely distributed over all mountain and subpolar regions, but about 70% of the observed glaciers are in the Scandinavian mountains, the Alps, the mountains of the U.S.A., Canada, and the former USSR (FSU). Prior to the International Geophysical Year (IGY, 1957-59) fewer than 10 glaciers were observed. The number of measurements has grown rapidly since the IGY as is shown in Dyurgerov and Meier (1997: Fig. 2, this volume) . Two peaks of these activities occurred in the beginning of the 1970s and in the early 1980s when measurements were carried out on more than 60 glaciers. Only since the beginning of 1960s have measurements been continuously performed on more than 30 glaciers (Table 1) . In more recent years there has been a reduction in the number of field measurements on glaciers. It is evident that the main drawback of our sample is the small number of measured glaciers and the different lengths of the records.
Mass balances of more than 250 glaciers have been measured at one time or another since 1946. All of these data are included in our analyses, but we emphasize the 1961-1990 period of time. For individual glaciers the length of mass balance measurements varies from 1 to 50 yr with the average duration of 10 yr. In this study we consider only the net or annual values of the mass balance (Mayo et al., 1972) .
Global Mass Balance Statistics
For the period of , the global mean mass balance (Gb,) was -164 mm y r l in water equivalent and varied between 397 mm (1965) and -569 mm (1988) . For the same period the annual mass balance variability has increased: maximums becoming higher and minimums becoming lower (Table 1 , Fig. 1 ).
In addition to Gb,, two other global-mean mass balance values were calculated: Gb, is the global mean for the 37 glaciers with the long-term mass balance records and Gb, is the area-weighted mean. The two arithmetic means Gb, and Gb, are compared in Table 1 . They are closely correlated ( r = 0.90) because many of the measurements come from the same well-studied glaciers. Nevertheless substantial differences exist between minima and maxima (Table I) , probably because longterm sites do not represent regions with extreme climatic conditions.
Area-weighted Global Mass Balance for Various Regions
Mass balance records do not exist or measurements cover only short periods of time for several large regions in the Southern Hemisphere and in Alaska, many ranges in the Coast and Rocky Mountains, Himalaya, Karakorum, Kunlun, and the Russian Arctic islands. For some regions, measurements were carried out on only a few small glaciers. Thus a problem of spatial and temporal interpolation of mass balance measurements exists, which is not yet solved. To calculate a global mass balance we combined all measured data over seven major regions of mountain and subpolar glaciers ( Table 2) .
The mass balances of small glaciers around the Greenland and Antarctic ice sheets are relatively unknown, yet these glaciers comprise an appreciable fraction (21%) of the small-glacier area on Earth. We have found it possible to make a tentative estimate of the mass balance of the small glaciers in Greenland and Antarctica. The area of these glaciers was recently estimated as 70,000 km2 for Greenland and about the same value for Antarctica (Weidick and Moms, 1996) . For the mass balance reconstructions, we tested many combinations between mass balances of small glaciers in Greenland and Antarctica and mass balance of other high-latitude regions. In the case of Greenland the closest correlation was established between combined annual values of mass balances of Devon Ice Cap and White Glacier (Cogley et al., 1995) (abbreviated as DW,) and three outlets of the Inland Ice in West Greenland (abbreviated as GR,; see more detailed discription of these glaciers and explanation of mass balance measurements in FOG, 1985 FOG, , 1988 . The relation is GR, = 113.89 + 3.5263DWb (r = 0.68).
The same magnitude of correlation was found between combined annual mass balances of Devon and Meigen ice caps (DM,) and annual balances of five small glaciers (see Dyurgerov and Meier, 1997: ANG, = 20.662 + 0.73747 DM,, (r = 0.75). These linear regressions were used to calculate the mass balance of small glaciers in Greenland and Antarctica over the 1961-1990 period of time. These correlations are poor. However, they probably give reconstructed mass balance values with the same order of magnitude of error as the estimation of small glacier area around the two ice sheets (Weidick and Moms, 1996) . These areas are included as the sixth region to produce a global area-weighted estimation. They form a relatively small contribution to the total sea-level change.
In order to calculate area-weighted values, glacier surface area was taken mostly from the World Glacier Inventory (IAHS, 1989) . National glacier inventories of China and FSU, recent literature, and reports were also used. The results are given in Table 2 , which show that:
(1) the total area for the small glaciers on Earth is approximately 680 X lo1 km2, which is the same as the estimate by Meier and Bahr (1996) ; (2) about 60% of all the glacierized area (Arctic islands 35%, Greenland small glaciers 10.5%, Alaska 11%, Scandinavia and Iceland 2%) is inside or close to the Arctic Circle; (3) the glacier area of the seventh region (South America, New Zealand, Subantarctic islands), about 35 X 10' km2, or 5% of the global area, has been included in Table 2 but we failed to find any significant correlations between these very sparse mass balance data and glacier mass balance of other regions. This area was added in our calculation only to get the sea-level equivalent (As1 and ASL in Table 3 ). We calculate an area-weighted global specific mass balance in the following way:
where (b) =CbJ X s/S, sJ the area of individual glaciers j, n the number of glaciers mass balance data, and S the glacier area of a region (see abbreviation in Table 2 ). The weighting coefficients are the fraction of the global glacier area. We could not average mass balance data by mountain ranges due to the lack of measurements for the majority of ranges.
Decadal Changes of Regional and Global Mass Balance
The decadal mass balance averages show great differences between regions (Fig. 2) . These 10-yr averaged values show a tendency to become more negative from the first decade (1961) (1962) (1963) (1964) (1965) (1966) (1967) (1968) (1969) (1970) to the second (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) and to the last (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (Fig. 2a, 2b ). The main contributors to this change are the following: Asia and Alaska (between 1961 -1970 and 198 1-1990 , Alaska and U.S./Canada for periods between 1971-1980 and 1981-1990 (here we define U.S./Canada as the United States not including Alaska plus mainland Canada not including the Canadian Arctic islands).
Glaciers in Arctic islands (AI) show rather low specific and ' Data are In mm w.eq. Abbreviations: No--number of glaciers with mass balances measured annually; Gb,-arithmetic mean; MIN,, MAX,, STD,-minima, maxima, standard deviation values; Gh,, MIN,, MAX,, STD,-the same for long-term mass balance records for selected glaciers; Gh,-global mass balance area-weighted over large regions. Complled from : FOG, 1967 : FOG, , 1973 : FOG, , 1977 : FOG, , 1985 : FOG, , 1988 : FOG, , 1993 GMB, 1991 GMB, , 1993 GMB, , 1994 Dyurgerov, 1994 , Cogley, 1996 .
Mass balance data are not available for several large regions (Alaska, Arctic island\), therefore are not included in the global analysis for 1946-1960. 'Mass balance data are not yet available for many glaciers. Years total mass balance values, and also nearly constant contribution to sea-level rise for the three consecutive decades (Fig. 2a) .
The suggested contributions to the total global mass balance (Fig. 2b) for the whole period of study were glaciers in Asia (48%), the U.S./Canada (19%), Arctic islands (19%), Alaska (10%) and possibly small glaciers near the Greenland (5%) and Antarctic (2%) ice sheets. Glaciers in Europe (ER) show positive mass balance with the relative value of -3% from globally av- Kuzmichenok, 1993; Zhenniang, 1991; Zongta~ and Huian, 1992; Zhenniang and Xiaogang, 1992; Dolgushin and Osipova, 1989 . FOG, 1967 , 1973 , 1977 , 1985 GMB, 1991 GMB, , 1993 GMB, , 1994 Dyurgerov and Meier, 1997; Cogley, 1996 (personal comm.) .
Here we define USICanada as the United States not including Alaska plus mainland Canada not including the Canadian arctic islands.
'' South America with the Northern and the Southern Patagonla Ice Fields d~d not have mass balance measurements during study period: mass balance measurements began after 1990 on two small glaciers in Bolivia (GMB, 1994; Francou et al, 1995) ; mass balance measurements were carried out for few years before 1990 on two New Zealand glaciers FOG, 1977) and two South Georgia glaciers (Smith, 1960 eraged mass balance contribution to sea-level change. This negative contribution is related to the ice mass gain by glaciers in the western mountain regions in Scandinavia and also several glaciers in Alps, especially of large Grosse Aletsch glacier in Switzerland.
Comparison of Three Different Estimations of Global Mass Balance
The arithmetic mean of all measured mass balances (Gb,), arithmetic mean for long-term studied glaciers (Gb2), and areaweighted arithmetic mean (Gb,) are compared (Table l) , and show significant differences:
(1) the substantial correlation between Gb, and Gb, (r = 0.90) has already been mentioned, but between those and Gb, (r = 0.33) is very weak; (2) for the 24 yr period in which Gb, is defined there is the same general trend of cumulative values Gb,, Gb,, and Gb, (Fig. 3) but sums differ by 2% between Gb, and Gb,, and 22% between Gb, and Gb,.
(3) the most remarkable differences are in years 1968 and 1970: Gb, = 71 and -220mm, Gb, = 91 and -330 mm, Gb, = -216 and 27 mm, respectively (Table 1) .
The choice between three arithmetic means depends on goals. Gb, is inappropriate for spatial analysis and for year-toyear global mean calculations. Gb, is a better estimator for temporal analysis; the sample of long-term studied glaciers gives reasonable estimate of trends in mass balance (possibly with systematic error). In order to reduce such systematic error and make estimate of glacier contributions to sea-level change more accurate, Gb, is preferred because mass balance data are doubly area-weighted, as shown above: first by the area of individual glaciers, and second by the area of the region.
Global Mass Balance, Sea-level Change and Global Warming
Global area-weighted annual mass balances have been calculated since 1961 and expressed as equivalent sea-level change (As1 for regions and ASL for the globe, Table 3 ). During the period 1961 -1990 , Gb, was positive in 1963 -1965 and in 1970  ciers of Alaska, U.S./Canada, and Asia to sea level were of difclose to zero in 1983 and 1987; and negative for all other years. ferent sign. In years with positive regional mass balances, glaIn some years the contribution of glacier mass balance to seaciers stored water in the form of ice (e.g. U.S./Canada in 1962, level rise exceeded 0.5 mm yr-' (1961, 1962, 1979, 1990) . In 1964 , 1971 -74, and 1976 , or Arctic islands in 1963 -65, 1977 -1964 , mass balance was extremely positive and caused a sea- 78, 1982 78, , 198687, Europe in 1962 78, , 1965 78, , 1967 78, -68, 1971 , level decrease of about 0.5 mm. Changes in surface mass balance 1973-75, 1977-81, 1983-84, 1987, 1989) as shown in Figure 5 . over the period of 30 yr account for about 7.4 mm (0.25 mm The largest spatial mass balance variation is observed in years yr-I) of the ASL rise. This analysis shows an accelerating dewith global mass balance close to zero: 1963, 1970, 1976, 1983 , crease of the mass of mountain and subpolar glaciers since 1987
198687 (see Figures 5a and 5b) which suggests an increasing rate of ASL rise, which may relate Global mass balance and sea-level sensitivity to global to rise of global temperature (Fig. 4) .
warming have been estimated in several studies (e.g., Oerlemans Because of the large spatial variability of yearly mass baland Fortuin, 1992, Warrick et al., 1996) . We will use here the ances from region to region, their input to sea-level change varscheme for global estimation of mass balance and sea level senied greatly as is shown in Figure 5 and Table 3 . In some years sitivity developed by Kuhn (1993) . He suggested this sensitivity (1970, 1976, 1977, 1983, 1986, 1987) 
Years the glacier mass balance-climate relation, but is appropriate for global analyses because there is a fair correlation between these parameters (Fig. 6) , and a paucity of other meteorological data in glacier environments. This estimate may be obtained directly from 1961 to 1990 as Gb,/hT = -13010.08 = -1.6 mm "C-I y r ' w.eq. (AT is taken from Jones et al., 1994, see Figure 4 ). The same relation may be established for sea-level change: ASLlAT = 0.2510.08 = 3 mm "C-I yr-I.
The measured surface mass balance data used in the above calculation does not include iceberg calving into the ocean. Although this component is an important source of ablation in many glaciers, few data exist to estimate the contribution of calving to regional or global net balance totals.
Comparison with Other Mass Balance Compilations
Several other attempts have been made to produce a synthesis of glacier mass balance on a global basis, with special relevance to the sea-level question. Meier (1984) obtained a result (0.46 ? 0.26 mm yr-I of equivalent sea-level rise) that is larger than the 0.25 5 0.10 mm yr-I due to surface mass balance we report here. These two results cannot be directly compared. however, for the following reasons. (I) Different approaches were used: this analysis used only directly-measured mass balances, whereas Meier (1984) reconstructed mass balances based on a relation between net balance and annual amplitude (accumulation and ablation). (2) Thls estimate for the extensive maritime icefields bordering the Gulf of Alaska is based on a single long-term measurement program (Wolverine Glacier) which may be atypical; in fact, we suspect that the actual contribution to sea-level change from this area is considerably larger. (3) We use mass balance and area data that were not available to Meier in 1984; as a result, we obtain a less-negative average for the Arctic islands and a more-negative value for the glaciers of Central Asia. (4) We estimate the contribution of the glaciers around the large ice sheets, which Meier (1984) did not do, but we do not include estimates for glaciers in the Andes and New Zealand due to lack of data. (5) Meier (1984) calibrated his model on volume changes for the period 1900-1961, whereas we use data mainly from 1961 -1990 . Trupin et al. (1992 correlation with winter precipitation and summer temperature data. Their results gave a sea-level rise of about 0.18 mm yr during the period [1965] [1966] [1967] [1968] [1969] [1970] [1971] [1972] [1973] [1974] [1975] [1976] [1977] [1978] [1979] [1980] [1981] [1982] [1983] [1984] , not including the area of glaciers around the Greenland and Antarctic ice sheets. Oerlemans and Fortuin (1992) calculated the sensitivity of small glaciers to changes in temperature, also not including glaciers around the ice sheets, and derived a value of 0.577 mm yrr' of sea-level rise for a 1K uniform warming. Assuming a global warming of 0.3K during the 1967-1990 period, this translates into a sealevel contribution of about 0.17 mm yr-l. The estimates differ, but all lie within the respective error limits. This is to be expected because different data, methodologies, and assumptions were used. Our calculation is based entirely on mass balance measurements.
Discussion
Figures 5a and 5b show that in years with extreme mass balance values the spatial variation (patterns over large regions) is small. In other words, climate patterns causing mass balance extremes appear to influence large areas or perhaps even the globe. This suggestion needs more study on a global scale, because most examples of such mass balance4imate correlations have only been demonstrated on regional scales (e.g., Meier et al., 1980; Walters and Meier, 1989, McCabe and Fountain, 1995) .
A comparison of the mass balance trends for continental regions (Asia, Arctic islands, U.S./Canada) and maritime regions (Alaska, Europe) is shown in Figure 7 . The tendency for the continental regions is a constant decrease in glacier volume. The mass balances of maritime regions have experienced different tendencies and even large fluctuations from year to year. The severe drought in 1976 over Western Europe and North America coincide with extreme negative mass balances.
Observational data indicate that, at a global scale, there has been a generally negative mass balance during the period. At the same time, area-weighted data for Europe suggest a positive trend. Very positive mass balance data have been reported for the 1991-1995 period from Iceland (Bjomsson, 1995) and for Norway (Hagen, 1995) . These data are not included in the global mass balance calculation due to lack of data from many other regions for this time period. Nevertheless a preliminary analysis shows a clear tendency for an increase of ice mass Years for Europe; however, the majority of small and mid-sized glaciers in many areas (Alps, interior part of Scandinavia, Western Caucasus, Pyrenees) may have had negative mass balance values.
The new estimation of sea-level rise is slightly different from our recent ones published in IPCC-95 (Warrick et al., 1996) because we do not include 1991-1993 here, which had very negative mass balance values. In addition to this, we include in this calculation new long-term mass balance data from the Canadian Arctic Archipelago (Koerner, 1996) characterized by small negative values and large area, which reduces the global mass balance estimation, published in Warrick et al. (1996) . Mass balance for Europe has also been recalculated and appears to be positive, decreasing the global area-weighted value.
Analyses of these mass balance measurements and their spatial distribution has pointed to significant gaps in our knowledge:
(1) There is a serious lack of data for large glaciers with long mass balance records in Alaska and Asia which represent about 30% of the total small glacier area (Table 2) . We suggest that the mass balance data have not adequately reflected the real situation because these data came from relatively small glaciers which are not typical for these regions.
(2) Mass balance measurements are virtually absent in the FIGURE 6. Correlation between global temperature anomalies expressed in degrees Celsius (Jones et al., 1994) and global mass balance Gb, for 1967 Gb, for -1990 ; all data smoothed with 5-yr running average.
Patagonian Ice Fields, subantarctic islands and in New Zealand, Himalaya, Karakorum, Kunlun, and Hindu Kush, as well as very sparse and short-term in the Russian Arctic, Siberia, and small glaciers in Greenland and Antarctica.
(3) Our knowledge of glacier area is still incomplete. Glacier area changes with time, but the glacier inventories for many regions of the world still reflect glacier areas defined in the middle 1970s (Haeberli and Hoelzle, 1995) .
Conclusion
One of the purposes of this work has been to show that it is possible to estimate year by year global mass balance fluctuations caused by climate changes and their contribution to the rise of the sea level directly from mass balance data. Therefore, mass balance observations may be used for a global monitoring system of environmental changes along with commonly used characteristics such as air temperature.
For the 30-yr period (1961-1990) global glacier mass balance bas been calculated by three different methods. One of these, Gb,, is the area-weighted mean over large regions and is assumed to be the more useful estimate of the contribution of small glaciers to sea-level change. This can be compared with two others (all mass balance records and only long-term mass balance measurements). The Gb, gives new value of -130 mm y r i (-3.9 m in water equivalent for 1961-1990 period of time) or 0.25 i 0.10 mm yrrl in sea level equivalent. This is 14-1 8% of the mean observed rise in sea level.
Annual variations of Gb, for 1961-1990 range from +255 mrn in 1964 to -464 and -472 mm (water equivalent) in 1962
and 1990, respectively. In years with extremely negative mass balances this ice wastage contributes about 0.9 mm yr to global sea level rise (50% of the total rise as averaged over the recent past). The contribution of glaciers to sea-level rise increased in the mid-1970s and more strongly since 1987, in agreement with the growth of global temperature anomalies (Fig. 4) . 
